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INTRODUCTION 
 Fibroblasts are responsible for collagen biosynthesis and 
organization in connective tissues, and play a role in regulation of 
epithelial differentiation, regulation of inflammation, and wound 
healing.  Increasing evidence suggests that fibroblast might promote 
tumors by facilitating angiogenesis and cancer progression [1]. They 
are coupled mechanically to their fibrillar extra-cellular matrix, which 
can regulate cell behavior through its composition and mechanics.  
 Fibroblasts, especially in their contractile myofibroblastic 
phenotype, play an important role in wound healing, and also play a 
role in several physiologic and pathologic responses to mechanical 
stimuli. In renal fibrogenesis, fibroblasts and myofibroblasts are 
responsible for the synthesis and deposition of extracellular matrix 
components[2]. In tendon injury, fibrous scar tissue does not 
regenerate the parallel collagen alignment of uninjured tendon, altering 
the biomechanical properties of the healed tendon[3]. Basic fibroblast 
growth factor (bFGF) may induce a neuro-protective effect against 
focal ischemic, excitotoxic and traumatic brain injury[4]. In each of 
these cases, the understanding of how fibroblasts resist and react to 
mechanical loading is of central importance. However, little is known 
about this because of challenges involved in measuring and observing 
cellular response to mechanical stretch in a realistic 3D environment. 
 We have developed a 3D tissue culture system to quantify the 
responses of contractile fibroblasts in an engineered tissue construct 
(ETC) to external mechanical stimuli. ETCs were stretched, and then 
held isometrically while morphology was tracked by confocal 
fluorescence microscopy and isometric force was monitored.  We 
observed that fibroblasts are highly dynamic in 3D culture, and 
respond to mechanical stretch by altering both their gross morphology 
and their cytoskeletons in defined ways. 
 
METHODS 
Preparation of engineered 3D tissue constructs 
 Chicken embryo fibroblast (CEF)-populated collagen gels were 
made following a protocol reported elsewhere [5]. Briefly, CEFs 
isolated from 10-day chicken embryos (Fertile White Leghorn 
Chicken Eggs, Sunrise Farms, Catskill, NY) were maintained in 
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf 
serum (FCS), penicillin and streptomycin at 50 units/ml and 50 µg/ml 
respectively but without phenol red, a pH indicator. 10% to 30% of the 
cells were stained for 30 minutes with CellTracker™ Green CMFDA 
(Invitrogen, Carlsbad, CA) diluted 200X in HEPES buffered saline. 
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Figure 1.  The responses of contractile fibroblasts to 
prescribed stretch in 3D culture were probed using 
confocal fluorescence microscopy and mechanical 
measurements of active contractile response. 
Proceedings of the ASME 2010 Summer Bioengineering Conference 
SBC2010 
June 16-19, 2010, Naples, Florida, USA 
SBC2010-19684
Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
Copyright © 2010 by ASME 2
The CEFs in 10% FCS DMEM were then combined with home-made 
monomeric type I rat tail collagen dissolved in 0.02 M acetic acid 
neutralized at 4°C with 0.1 M NaOH if necessary. Concentrated 
DMEM was also added to the mixture to yield a final collagen content 
of 1 mg/ml. Flourescent Carboxylate microspheres (#15700, 
Polysciences Inc., Warrington, PA) with a 0.21 µm diameter were also 
added to the cell/collagen suspension at a final concentration of 3.64 × 
106 particles/ml. Neutralized solutions are composed of collagen (1.0 
mg/ml), fluorescence beads and cells having the density range from 
105 cells/ml (low density, LD) to 106 cells/ml (high density, HD). 
Experimental protocol 
The mechanical response of cells to stretch was measured as cell 
morphology was tracked using confocal fluorescence microscopy. 
Two sub-systems were separately controlled by software written in the 
Experix environment: one controlled the stretcher, with a stepper 
motor for motion control and a force transducer for force data 
collection; the second controlled the position of the microscope stage 
and image data collection (Figure 1). The stepper motor (Figure 1C) 
stretched the ~7mm ETC band (1E) along its circumferential direction. 
One of the two titanium mounting rods holding the ETC was 
connected to the force transducer (A), and the other to the stepper 
motor (B).  After the ETC was mounted, the imaging system was 
refocused to locate the position of stained cells in the 3D space of the 
ETC to monitor their dynamic activities when subjected to the external 
mechanical stimuli from the rod movement. The stretching protocol 
was ten 5% preconditioning stretches applied at 20%/s, followed by a 
10% stretch and 30% stretch at 20%/s. 30 was allowed for force 
relaxation prior to the 10% and 30% stretches. The imaging protocol 
involved tracking the reconfiguration of cells with a stack of confocal 
microscopy images taken through their thickness every three minutes. 
RESULTS 
The pre-stretch morphology of fibroblasts depended upon cell 
concentration in the ETC: at lower concentrations, cells were stellate 
(Figure 2A), while at higher concentrations, cells were spindle-like 
(Figure 2B and 2C), aligned along the ETC’s circumferential direction. 
 Following stretch, the isometric force dropped as would be 
expected for a viscoelastic material, then rose due to active contraction 
of the cells.  From a morphological standpoint, stellate cells extended 
processes in the direction of stretch and released processes in the 
directions perpendicular to stretch. Spindle cells that were misaligned 
with the direction of stretch extended filapodia primarily in the stretch 
direction (Figure 1B), while spindle cells aligned with the direction of 
stretch either stretched with the ECM or detached and shrank in the 
direction of stretch in a relatively rapid (~10 min) retraction (Figure 
1C). Misaligned spindles extend processes primarily but not 
exclusively in the direction of stretch. 
 The dynamics of filapodial retraction (Figure 3A) were quantified 
from images. The rate of retraction scaled with the filapodial length, so 
that all data for a particular level of stretch applied to an ETC 
collapsed to a single curve (Figure 3B).  The time constant for 
retraction associated with 10% stretch of an ETC was 2900 ± 1800s 
(mean ± SD); the time constant associated with a 30% stretch was 
1450 ± 50s, which was not significantly different (p = 0.23).  In the 
control group, which was not stretched, processes extended slightly. 
DISCUSSION 
The data show that filapodial retraction is sensitive to external 
mechanical stimuli.  Is the retraction of filapodia in 3D limited by 
actin stress fiber disassembly rates or by mechanics? The data support 
the latter: since the speed of retraction scales with the length of the 
filapodium, we can rule out the former.  Although the viscoelastic time 
constants for the 30% ETC stretch were on average lower than those 
for 10% stretches, suggesting nonlinear viscoelasticity of the 
membrane as the rate limiting factor, the data for 10% stretches were 
too noisy to draw a clear conclusion. 
 The data provide only the insight into the mechanisms and 
mechanics of filapodial retraction in 3D.  Current work focuses on 
extending this insight by quantifying actin stress fiber and focal 
adhesion dynamics in this system. 
 
Figure 2.  The morphological response of contractile 
fibroblasts to mechanical stretch was dependent upon cell 





Figure 3. (a) Reduction in filapodial length for three filapodia in 
different tests following an ETC stretch of 10%. (b) Data 
collapsed to a single curve when normalized by length, 
indicating a viscoelastic process. 
 
Figure 4. Time constants for filapodial retraction were not 
significantly dependent upon the ETC stretch (p = 0.23). 
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